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The switch-on voltage for disordered organic field-effect transistors is defined as the flatband
voltage, and is used as a characterization parameter. The transfer characteristics of the solution
processed organic semiconductors pentacene, poly~2,5-thienylene vinylene! and poly~3-hexyl
thiophene! are modeled as a function of temperature and gate voltage with a hopping model in an
exponential density of states. The data can be described with reasonable values for the switch-on
voltage, which is independent of temperature. This result also demonstrates that the large threshold
voltage shifts as a function of temperature reported in the literature constitute a fit parameter without
a clear physical basis. © 2002 American Institute of Physics. @DOI: 10.1063/1.1479210#The charge transport in organic field-effect transistors
has been a subject of research for several years. It has be-
come clear that disorder severely influences the charge trans-
port in these transistors.1–3 Studies on the effect of molecular
order ultimately resulted in the observation of band transport
in high quality organic single crystals.4 The electrical trans-
port in these crystals is well described by monocrystalline
inorganic semiconductor physics.4,5 However, devices envis-
aged for low-cost integrated circuit technology are typically
deposited from solution,6,7 resulting in amorphous or poly-
crystalline films. In these solution-processed organic transis-
tors the disorder in the films dominates the charge transport,
due to the localization of the charge carriers. The disorder is
observed experimentally through the thermally activated
field-effect mobility and its gate voltage dependency.8–12 A
further common feature of disordered organic field-effect
transistors is the temperature dependence of the threshold
voltage, V th ,11,12 which is addressed in this letter. It is argued
that V th , as used in literature, is a fit parameter with no clear
physical basis. Instead, a switch-on voltage, Vso , is defined
for the transistor at flatband. We model the experimental data
obtained on solution-processed pentacene, poly~2,5-
thienylene vinylene! ~PTV! and poly~3-hexyl thiophene!
~P3HT!, with a disorder model of variable-range hopping in
an exponential density of states.9 The modeling shows that
good agreement with the experiment can be obtained with
reasonable values for the switch-on voltage, which is inde-
pendent of temperature.
The device geometry and the sample fabrication used in
the experiments have been described previously.13 The films
of PTV are truly amorphous whereas the pentacene and
a!Electronic mail: meijere@natlab.research.philips.com3830003-6951/2002/80(20)/3838/3/$19.00
Downloaded 05 Feb 2003 to 129.125.25.104. Redistribution subject P3HT films are polycrystalline. We do not observe any hys-
teresis in the current–voltage characteristics and the curves
are stable with time ~in vacuum!. The field-effect mobilities
in the devices have been estimated from the
transconductance8 at Vg5219 V at room temperature and
are given in Table I. For the P3HT transistor described here
the processing conditions were not optimized to give the
high mobilities reported in literature.1
The difficulty of defining a threshold voltage in disor-
dered organic transistors was already pointed out by Horow-
itz et al.14 The threshold voltage in inorganic field-effect
transistors is defined as the onset of strong inversion.5 How-
ever, most organic transistors only operate in accumulation
and no channel current in the inversion regime is observed,
except in high quality single crystal devices.4 Nevertheless,
classical metal–oxide–semiconductor field effect transistor
~MOSFET! theory is often used to extract a V th from the
transfer characteristics of organic transistors in accumula-
tion. The square root of the saturation current is then plotted
against the gate voltage, Vg . This curve is fitted linearly and
the intercept on the Vg axis is defined as the V th of the tran-
sistor. For disordered transistors this method neglects the ex-
perimentally observed dependence of the field-effect mobil-
ity on the gate voltage.8,15 In an attempt to take this into
account in the parameter extraction several groups have used
an empirical relation to fit the field-effect mobility12,16
m5K~Vg2V th!g, ~1!
where K, g, and V th are fit parameters. Fitting of current–
voltage characteristics of the transistors, using either this em-
pirical relation or the square root technique, has resulted in a
temperature dependent V th .12,17 The temperature dependence
is as large as 15 V in the temperature range of 300–50 K.128 © 2002 American Institute of Physics
to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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crystalline phase, for which the MOSFET theory is valid, the
shift of V th with temperature is at most .0.5 V.2,5 This ob-
servation raises the question: why, for a disordered system,
the shift of V th with temperature is so much larger than in its
crystalline counterpart. To answer this question, we first have
to realize that, in both types of analysis mentioned, the ex-
tracted V th is a fit parameter. This fit parameter has no direct
relation with the original definition of the threshold voltage
in the MOSFET theory. Also, depending on the range of Vg
over which the data are fitted in disordered transistors, the
value of the extracted V th will be different. Therefore, the
physical meaning of V th and its temperature dependence in
disordered organic transistors are questionable. We will
therefore refer to V th here as an ‘‘apparent’’ threshold volt-
age. Despite these issues, some suggestions have been given
in literature to explain the large temperature dependence of
the apparent V th , such as a widening of the band gap,17 and
displacement12 of the Fermi level with decreasing tempera-
ture.
Instead of the apparent V th as characterization parameter,
we will use the gate voltage at which there is no band bend-
ing in the semiconductor, i.e., the flatband condition. We call
this the switch-on voltage, Vso , of the transistor. Below Vso
the variation of the channel current with the gate voltage is
zero, while the channel current increases with Vg above Vso .
For an unintentionally doped semiconductor layer, Vso is
then only determined by fixed charges in the insulator layer
or at the semiconductor/insulator interface. In that case Vg
becomes Vg – Vso . Without these fixed charges Vso should in
principle be zero.5
Here we will model the experimental dc transfer charac-
teristics obtained on three different disordered organic field-
effect transistors to estimate the temperature dependence of
Vso . Because we are looking at disordered systems, we use
the variable range hopping model proposed by Vissenberg
and Matters.9 The charge transport in this model is governed
by hopping, i.e., thermally activated tunneling of carriers be-
tween localized states around the Fermi level. The carrier
may either hop over a small distance with a high activation
energy or over a long distance with a low activation energy.
In the disordered semiconducting polymer the density of
states ~DOS! is described by a Gaussian distribution.18 For a
system with both a negligible doping level compared to the
gate-induced charge and at low gate-induced carrier densities
the Fermi level is in the tail states of the Gaussian, which is




expS «kBT0D , ~2!
TABLE I. Values obtained by using Eq. ~6! to model the transfer character-
istics of solution processed pentacene, PTV and P3HT. T0 represents the
width of the exponential density of states, s0 is the conductivity prefactor,
a21 is the effective overlap parameter, V so is the switch-on voltage, and mRT
the field-effect mobility at Vg5219 V and room temperature.
T0 ~K! s0 (106 S/m) a21 ~Å! Vso ~V! mRT ~cm2/V s!
PTV 382 5.6 1.5 1 231023
Pentacene 385 3.5 3.1 1 231022
P3HT 425 1.6 1.6 2.5 631024Downloaded 05 Feb 2003 to 129.125.25.104. Redistribution subject where Nt is the number of states per unit volume, kB is
Boltzmann’s constant, and T0 is a parameter that indicates
the width of the exponential distribution. The energy distri-
bution of the charge carriers is given by the Fermi–Dirac
distribution. If a fraction, dP@0,1# , of the localized states is
occupied by charge carriers, such that the density of carriers
is dNt , then the position of the Fermi level is fixed by the
condition9
d5expS eFkBT0D pTT0 sinS p TT0D
. ~3!
Using a percolation model of variable range hopping, an ex-
pression for the conductivity as a function of the charge car-
rier occupation d and the temperature T is derived9
s~d ,T !5s0F dNt~T0 /T !4 sinS p TT0D~2a!3Bc G
T0 /T
, ~4!
where s0 is the prefactor of the conductivity, Bc is a critical
number for the onset of percolation, which is .2.8 for three-
dimensional amorphous systems,19 and a21 is an effective
overlap parameter between localized states. To calculate the
field-effect current we have to take into account that in a
field-effect transistor the charge density is not uniform. Us-
ing the gradual channel approximation, we neglect the poten-
tial drop from source to drain electrode (uVgu@uVdsu). To
take into account that the charge-density decreases from the
semiconductor-insulator interface to the bulk, we integrate





dxs@d~x !,T# , ~5!
where L, W, and t are the length, width, and thickness of the
channel, respectively. From Eqs. ~4! and ~5! we obtain the
following expression for the field-effect current:
Ids5
WVdsese0s0
Le S T2T02T DA2kbT0ese0
3F S T0T D 4 sinS p TT0D
~2a!3Bc
G T0 /T
3HA ese02kbT0FCi~Vg2Vso!ese0 G J
2T0 /T21
, ~6!
where e is the elementary charge, e0 is the permittivity of
vacuum, es is the relative dielectric constant of the semicon-
ductor, and Ci is the insulator capacitance per unit area.
Equation ~6! is used to model the transfer characteristics
of solution processed PTV, pentacene, and P3HT as a func-
tion of Vg and T. The four parameters s0 , a21, T0 , and Vso
were used to model all the curves, with a value of Bc52.8.
After this initial fit, each curve was individually modeled
with only Vso as variable parameter, with the other param-
eters fixed. From this modeling, no temperature dependence
of Vso was observed. The results of the modeling are shown
in Figs. 1, 2, and 3. The fit parameters are given in Table I.
Good agreement is obtained for all three semiconductors.to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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fixed charge in the oxide and/or at the semiconductor-
insulator interface. Also, the values obtained for Vso are low,
which is a realistic situation. Because the measurement reso-
lution in the low current regime is limited to 1–10 pA, the
onset of the experimental curves in Figs. 1, 2, and 3, seem to
be shifting to more negative gate voltages with decreasing
temperature. Logically this effect does not translate in a tem-
perature dependence of Vso . Analysis of the data with the
square root technique yields an apparent threshold voltage
shift with temperature of 15 V for the PTV. Equation ~1!
gives similar results. We note that, the Fermi level shifting
with decreasing temperature12 has no effect on Vso . The
Fermi level shift, which results from the Fermi–Dirac distri-
bution of the charge carriers in the exponential density of
states, is calculated from Eq. ~3! and is found to be .0.04 eV
over a temperature range of 200 K. This displacement does
not result in a shift of Vso with temperature.
In conclusion, it was argued that the threshold voltage
extracted from the transfer characteristics of disordered or-
ganic transistors, using the MOSFET theory or Eq. ~1!, is
only a fit parameter if the strong inversion regime is not
FIG. 1. Ids vs Vg of a PTV thin-film field-effect transistor for several tem-
peratures. The solid lines are modeled using Eq. ~6!. W52 cm, L
510 mm, Vd522 V. The inset shows the structure formula of PTV.
FIG. 2. Ids vs Vg of a pentacene thin-film field-effect transistor for several
temperatures. The solid lines are modeled using Eq. ~6!. W52 cm, L
510 mm, Vd522 V. The inset shows the structure formula of pentacene.Downloaded 05 Feb 2003 to 129.125.25.104. Redistribution subject observed in the transfer characteristics. Instead, we have de-
fined a switch-on voltage for unintentionally doped disor-
dered organic field-effect transistors as the gate voltage that
has to be applied to reach the flatband condition. Using a
disorder model of hopping in an exponential density of
states, the experimental data of solution processed PTV, pen-
tacene and P3HT could be described with reasonable values
for the switch-on voltage, which is temperature independent.
The use of Vso as characterization parameter of disordered
organic field-effect transistors is not limited to the model
described here, but is generally applicable.
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